Introduction
Thermo-nuclear fusion promises to be an ideal long-term energy source: sustainable, environmentally friendly and intrinsically safe. Substantial progress has been made with plasma control, and the development of new technology required to make commercial fusion a reality. ITER, currently under construction in the south of France, has the goal of demonstrating a self-sustained fusion reaction over an extended period of time. This is an essential stepping-stone towards building of a first commercial demonstration reactor (DEMO).
A major challenge for fusion reactors beyond DEMO is the lack of materials sufficiently robust to withstand the extreme conditions plasma-facing components will be exposed to 4, 5 . For example armour materials in the divertor will be bombarded with 14.1 MeV fusion neutrons, receive an intense flux of helium and hydrogen ions and have to operate at temperatures up to 1500 K. Currently tungsten-based materials are most promising due to their high melting point, good resistance to sputtering, high thermal conductivity, and low tritium retention rate 6 . These extreme conditions lead to significant changes in the structure and properties of tungsten-based materials. At present it is not yet possible to exactly replicate the conditions inside future fusion reactors. Fortunately many aspects of the damage produced by ion and neutron bombardment can be replicated using ion-implantation.
Extensive studies have been carried out using tungsten self-ion bombardment to mimic the damage produced by neutron irradiation. In situ TEM observations and molecular dynamics simulations showed that defect size and frequency of occurrence are linked by a power law 7 . Interestingly the exponent of this power law remains almost the same even when the ion energy is changed, but varies strongly as a function of irradiation temperature 8 . An important question concerns the interaction of gas, produced by transmutation 9 or injected into the material from the surface 10 , with irradiation damage. Gas-ion implantation has been used extensively to study this effect and we will here concentrate on the influence of helium, the waste product of the fusion reaction. Pioneering work by Kornelsen, using thermal desorption spectroscopy, showed that helium strongly binds to vacancies and vacancy clusters in tungsten 11 . This has been further confirmed by nuclear reaction analysis 12 and positron annihilation spectroscopy 13, 14 . Though small, these defects have a dramatic effect on material properties, for example in tungsten implanted with 3000 atomic parts per million (appm) of helium at 573 K, large increases in hardness have been observed 15 . Interestingly TEM observations of the same sample showed no visible damage 15 . The reason is that TEM is not sufficiently sensitive to "see" the small vacancy clusters in which helium is stored. This is confirmed by image calculations of defect visibility in dark-field TEM measurements that show that only defects larger than ~1 nm can be reliably picked up 16 . This inability to observe He-V clusters in TEM makes it challenging to quantify the defect populations produced by helium ion implantation. Furthermore positron annihilation spectroscopy, thermal desorption spectroscopy or nuclear reaction analysis all only offer millimetre spatial resolution, precluding the observation of heterogeneous defect distributions, defect evolution and accumulation.
In this paper we report recent progress using synchrotron X-ray micro-diffraction to probe the population of helium-induced lattice defects via the lattice strains they cause. Changes in elastic and thermal transport properties in the ion-implanted layer are determined using laser-induced transient grating measurements. Combined with multiscale calculations our observations allow us to shed light on the complex changes in material structure and properties that defects caused by helium-ion-implantation give rise to, and to make some progress towards a joined-up understanding of irradiation damage.
Experimental methodology

Sample preparation
Tungsten (W) and tungsten rhenium (W-Re) samples were prepared from elemental powders (99.9 %) by plasma arc melting. The resulting slugs had large grains, ranging from 200 to 1000 m in size, with no preferred orientation. Samples were sectioned into ~1 mm thick slices using a diamond saw and polished mechanically using aluminium oxide paper and diamond paste, finishing with a colloidal silica mechano-chemical polishing step to produce a defect free, high quality finish.
Helium ions were implanted at the National Ion Beam Centre, University of Surrey, UK. Several ion energies in the range from 50 keV to 2 MeV were used to achieve an approximately uniform helium concentration in the implanted layer 17 . Implantation profiles were predicted using the Stopping and Range of Ions in Matter (SRIM) code 18 , assuming a displacement energy of 68 eV for tungsten 19 . The resulting implantation profiles for W and W1%Re samples are shown in Fig. 1 . The following implantation conditions were used:
Sample W+300He was implanted at 573 K to an average helium concentration of 280 ± 40 appm and corresponding displacement damage of 0.017 ± 0.004 displacements per atom (dpa) within a 2.6 m thick implanted surface layer. The SRIM-predicted implantation profile is shown in Fig. 1(a) . Samples W+3000He and W-1%Re+3000He were implanted at 573 K to an average helium concentration of 3100 ± 480 appm causing displacement damage of 0.19 ± 0.04 dpa within a 2.6 m thick implanted surface layer ( Fig. 1(b) ).
X-ray diffraction measurements
X-ray micro-diffraction measurements were performed at beamline 34-ID-E at the Advanced Photon Source, Argonne National Lab, USA. A schematic of the experimental configuration is shown in Fig. 2 (a) . Using Kirkpatrick-Baez mirrors the incident, polychromatic X-ray beam was focused to a ~500 nm spot on the sample. The sample was oriented in 45° reflection geometry and Laue diffraction patterns were recorded on an area detector mounted above the sample. The Differential Aperture X-ray Microscopy (DAXM) technique was used to determine the sample depth from which different scattered contributions originated. It involves scanning a platinum wire
Fig. 1. SRIM-calculated helium-concentration and damage profiles for the W+300He sample (a) and the W+3000He sample (b).
Fig. 2. (a) Schematic of the X-ray micro-diffraction setup and the wire-scanning arrangement used to recover depth-resolved Laue diffraction patterns. (b) Profiles of the three direct strain components measured in sample W-1%Re+3000He, plotted with regard to depth
thought the diffraction signal and using the wire edge as a knife-edge to perform ray tracing from the detector via the wire edge to the incident beam path. Hence depth resolve Laue patterns were reconstructed at 500 nm intervals along the incident beam direction. A more detailed description of the setup at the 34IDE instrument and the DAXM technique is provided elsewhere [20] [21] [22] . Laue diffraction patterns contained 20+ peaks that were indexed using the LaueGo software package (J.Z. Tischler: tischler@anl.gov). Next the full deviatoric strain tensor was determined by refining the crystal unit cell parameters and the lattice orientation to achieve a best match to the diffraction peaks recorded on the detector. The full lattice strain tensor was determined by measuring the radial reciprocal space position of one diffraction peak by scanning the energy of the beamline monochromator ( E/E 10 -4 ). The uncertainty with which all components of the full and deviatoric strain tensors were measured is ~2x10 -4 , comparable to previous estimates [22] [23] [24] .
Laser-induced transient grating measurements
Laser-induced transient grating measurements were performed to measure the elastic properties and thermal diffusivity in the ion-implanted surface layer. A detailed description of the technique is provided elsewhere 25 . Briefly, two short excitation laser pulses (515 nm wavelength, 60 ps pulse duration and 1.75 J pulse energy, ~ 400 m spot size) were overlapped on the sample surface with a well-defined crossing angle. Interference of the beams generates a spatially sinusoidal excitation pattern, shown schematically in Fig. 3(a) . Absorption of the light leads to a spatially sinusoidal temperature grating, which in turn, due to rapid thermal expansion, launches two counterpropagating surface acoustic waves (SAWs). The SAW wavelength, SAW, is determined by the period of the interference pattern, TG. To ensure that the propagation of the SAWs is dominated by the ion-implanted layer a nominal value of TG = 2.75 m was chosen 25 . In crystalline materials SAW velocity is highly dependent on the crystallographic surface normal and in-plane crystal direction of SAW propagation. In elastically isotropic materials (tungsten is very close to elastically isotropic at room temperature [26] [27] [28] ), an approximate solution of the SAW velocity, cSAW, as a function of the isotropic elastic constants is given by 
where fSAW is the SAW frequency, the Poisson ratio, E is Young Modulus and the mass density. Thus by measuring cSAW the elastic properties can be determined.
Both SAWs and the temperature grating cause changes in the sample surface displacement and sample Fig. 3 (a reflectivity. These can be monitored as a function of time using diffraction of a time-delayed probe beam (532 nm wavelength, 10 mW average power, ~ 300 m spot size) as illustrated in Fig. 3 (a) . To achieve heterodyne detection a reflected reference beam, collinear with the diffracted probe beam is used. The intensity of the combined beams is detected using a fast avalanche photodiode and recorded using an oscilloscope. The overall bandwith of the detection setup is approximately 2 GHz. Fig. 3 (b) shows a representative time trace from a tungsten sample. Fast oscillations, due to SAWs, superimposed on a decaying background, due to the decaying temperature grating, are clearly visible. By taking the Fourier transform of this signal fSAW and hence cSAW can be determined. On bulk samples the decay of the temperature grating signal is the result of thermal transport both in-plane, from maxima to minima of the grating, and into the sample 30 . The surface profile due to this grating follows a non-exponential decay:
where q = 2 / TG. The depth to which transient grating measurements probe thermal transport properties in bulk samples is approximately / 30 , which in the present configuration is ~ 900 nm, significantly less than the implanted layer thickness of ~2.6 m. Thus both elastic and thermal transport properties we measure in the helium-implanted tungsten samples are dominated by the ion-implanted layer. Fig. 2 (b) shows the three principal lattice strain components measured as a function of depth by microdiffraction in sample W-1%Re+3000He. The in-plane strain components, xx and yy, are close to zero, due to the plane strain condition imposed on the ion-implanted layer by the unimplanted substrate material. The out of plane strain component, zz, on the other hand is large and positive (average of 0.155%), indicating a lattice swelling. Given the boundary conditions in the present sample, the anticipated zz strain due to implantation-induced defects can be expressed as follows in terms of the relaxation volumes associated with defects 
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Lattice swelling due to helium implantation
Here n (A) is the number density associated with defect type (A) and r (A) is the relaxation volume associated with defect type (A) given in units of 0, the defect free atomic volume.
The relaxation volumes of vacancies, helium-filled vacancies and self-interstitial defects (SIA) can be computed using density functional theory calculations and our results 31 are in good agreement with previously reported literature values 32, 33 . The relaxation volume associated with SIAs is large and positive ( r (SIA) = 1.68 0), while that associated with a vacancy is smaller and negative ( r (V) = -0.37 0). For helium filled vacancies the relaxation volume depends on the number of helium atoms inside the vacancy and ranges from r (V+He) = -0.24 0 to r (V+6He) =1.09 0. Using this information the lattice swelling can now be analysed. At the implantation temperature of 573 K for sample W-1%Re+3000He vacancies are immobile 34 . SIAs on the other hand are highly mobile even at room temperature 35 . However a vacancy-dominated microstructure would not produce the measure large positive lattice strains, but rather a lattice contraction. Indeed even considering a microstructure dominated by V+6He clusters would yield a lattice swelling significantly smaller than that found experimentally. Thus the large lattice swelling we measure indicates that SIAs as well as helium-filled vacancies must be retained.
Assuming that every injected helium ion fills a vacancy and prevents a Frenkel pair from recombining, and that both the helium-filled vacancy and the SIA of the Frenkel pair are retained, sample W-1%Re+3000He would have a population of 3110 appm V+He defects and 3110 appm SIAs. Using equation (3), we can estimate that such a defect populations would give rise to an out-of-plane strain zz = 0.265%, almost twice as large as experimentally measured. An explanation is provided by helium clustering in vacancies. Atomistic calculations indicate that vacancies can be readily filled by more than one helium atom 36 . For a defect population consisting of 1555 appm V+2He and 1555appm SIAs we predict zz = 0.149 % in quite good agreement with the experimentally measured value. It is interesting to note that r (V+2He) = -0.06 0 is close to zero, meaning that in this defect configuration lattice swelling if predominantly due to the retained SIA population.
Elastic property changes due to helium implantation
For the unimplanted W-1%Re sample we measured cSAW = 2680 ± 2 ms -1 and for W-1%Re+3000He cSAW = 2621 ± 7 ms -1 , i.e. cSAW is reduced by 2.2% upon helium implantation. This change can be compared to the lattice swelling measured in the same sample by considering the changes in elastic properties associated with specific defects. Our density functional theory calculations, described in detail elsewhere 31 , predict the following changes in elastic properties for a unity concentration of V+2He defects: C11 = -2.30x10 12 Pa, C12 = -1.38x10 10 Pa and C44 = -1.67x10 12 Pa. Similarly for a unity concentration of SIA defects the predicted changes are: C11 = -3.10 x10 12 Pa, C12 = 3.36x10 12 Pa and C44 = -1.65x10 12 Pa. Hence we can estimate the elastic constants for the heliumimplanted layer as: C11 = 513GPa, C12 = 208 GPa and C44 = 155 GPa, assuming the defect microstructure determined based on lattice swelling (1555 appm V+2He and 1555 appm SIAs). The literature values for pure tungsten at 298 K are C11 = 537 GPa, C12 = 188 GPa and C44 = 153 GPa 27, 28 . Computing the isotropic elastic constants and using equation (1), the predicted reduction of cSAW in sample W-1%Re+3000He is 1.9%. This prediction is in remarkably close agreement with the measured reduction of 2.2%, especially since there are no adjustable parameters in our model.
The predicted elastic constants for the helium-implanted layer also suggests a slight increase in elastic anisotropy from A = 2C44/(C11-C12) = 1.01 in pure tungsten to A = 1.02 in the implanted material. Experimentally we have been able to confirm this increase by performing direction dependent TG measurements of cSAW on a [110]-oriented tungsten single crystal implanted with 3000 appm of helium at 295 K 37 .
Thermal transport changes due to helium implantation
Thermal diffusivity in samples W, W+300He and W+3000He, measured as a function of temperature, is shown in Fig. 3 (c) . Our measurements for pure tungsten (black circles) agree very well with literature data for pure tungsten (purple dashed line) [1] [2] [3] . In the helium-implanted samples thermal diffusivity is dramatically reduced, with even implantation of 300 appm of helium leading to a reduction of ~30% at room temperature.
In metals above the Debye temperature electron mediated transport dominates thermal conductivity. In the vicinity of crystal defects electrons are scattered by all atoms associated with the defect. Thus it is not appropriate to treat defects as strong point scatterers, but rather the distributed nature of scattering must be taken into account. To do this we have developed a new empirical atomistic model that estimates electron-phonon scattering locally at atomic sites 38 . We postulate that the electron scattering rate at every atomic site is linearly proportional to the energy in excess of the thermal average at that site. To calibrate this model we carried out a fit to the measured resistivity per Frenkel pair in pure tungsten 39 . The beauty of this approach is that in principle the thermal transport properties due to any arbitrary defect configuration can be computed.
In the helium-implanted samples scattering from a helium-filled vacancy is likely to be similar to that from an empty vacancy since helium does not contribute valence electrons 40 . At the implantation temperature of 573 K vacancy mobility is low and therefore no significant vacancy clustering is expected 39 . Hence, based on the heliumimplantation-induced damage microstructure determined from lattice swelling and SAW measurements, we used our model to predict thermal diffusivity for a range of Frenkel pair concentrations (Fig. 3 (c) ). Calculated curves for 900 appm and 3000 appm Frenkel pairs match quite closely the experimental data measured from samples W+300He and W+3000He respectively. We note that the helium to vacancy ratio changes from 1:3 at the lower dose to 1:1 at the higher dose. The reason is, as previously predicted by Becquart 41 , that at low helium doses other impurities, such as carbon, dominate defect retention. At higher helium doses, on the other hand, the relative importance of impurities decreases and Frenkel pair recombination is mainly obstructed by helium occupying vacancies.
Summary
By combining multi-technique experiments with atomistic simulations we have been able to make some progress towards a joined up understanding of helium-induced implantation damage in tungsten. Our measurements suggest a damage microstructure dominated by Frenkel pairs prevented from recombining by helium occupying vacancies. For high helium concentrations (3000 appm), lattice swelling and surface acoustic wave measurements suggest a helium to vacancy ratio of 2:1, whilst thermal transport measurements are consistent with a ratio closer to 1:1. This is remarkably good agreement considering the wide range of experimental and modelling techniques involved. On the other hand it highlights that there remains substantial uncertainty in the prediction of the complex effects of irradiation-induced damage. Tackling this is a challenge for both the experimental and modelling communities. A key aspect here is to develop a better understanding of the factors governing defect retention. Only a small fraction of the damage created by ion implantation is actually retained in the long term. The dramatic effects we observe are the result of this retained damage. This suggests that dpa, which captures the peak damage generated, is not likely to provide a reliable guide for the expected effects of irradiation damage. Very recent measurements we have done showed that helium-implantation-induced defects show substantial further migration and evolution at high temperatures 42 . They also have a dramatic effect on the inelastic deformation behaviour of tungsten as highlighted by recent nano-indentation experiments 43 . Further detailed modelling is required to gain a joined-up understanding of these effects.
